A small (~0.2 cu in), robust (~20,000g), inexpensive (~$500), tactical grade performance (~10-20 deg/hr.) gyro is vital for the successful implementation of the next generation of "smart" weapons and surveillance apparatus. The range of applications (relevant to Sandia's mission) that are substantially enhanced in capability or enabled by the availability of a gyro possessing the above attributes includes nuclear weapon guidance, fuzing, and safing; synthetic aperture radar (SAR) motion compensation; autonomous air and ground vehicles; gun-launched munitions; satellite control; and personnel tracking. For example, a gyro of this capability would open for consideration more fuzing options for earth-penetration weapons.
The MEMS gyros currently available are lacking in one or more of the aforementioned attributes. An integrated optical gyro, however, possesses the potential of achieving all desired attributes. Optical gyros use the properties of light to sense rotation and require no moving mass. Only the individual optical elements required for the generation, detection, and control of light are susceptible to shock. Integrating these elements immensely enhances the gyro's robustness while achieving size and cost reduction. This project's goal, a joint effort between organizations 2300 and 1700, was to demonstrate an RMOG produced from a monolithic photonic integrated circuit coupled with a SiON waveguide resonator. During this LDRD program, we have developed the photonic elements necessary for a resonant micro-optical gyro. We individually designed an AlGaAs distributed Bragg reflector laser; GaAs phase modulator and GaAs photodiode detector. Furthermore, we have fabricated a breadboard gyroscope, which was used to confirm modeling and evaluate signal processing and control circuits. 1. Pursuit of a Micro-Optic Gyro: The Motivation
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Developments in
Environmental Sensing Devices in Nuclear Weapons-An Overview
Environment sensing devices (ESD) have always played an important role in nuclear weapon systems predominantly in components used in the safety architecture. These devices have been fundamental to implementing a safety theme based on detecting the presence of certain characteristics of the weapon's dynamical environment following deployment from the carrier vehicle-such as its roll-rate or acceleration profile or both-as a precondition to arming the weapon. The typical ESD residing in our nuclear stockpile today is a "g-switch," a device designed to change its state from "off" to "on" whenever the acceleration acting along a selected axis of its host vehicle exceeds a specific level or in another variant, when an acceleration-time product is exceeded. Rotational velocities are detected by sensing the centrifugal accelerations generated at select locations in the spinning weapon. In either event, the most information available from a g-switch is whether the weapon exceeded a particular threshold of acceleration or g-second product.
The g-switch employed in weapons in the current stockpile is the Rolamite, an entirely mechanical mechanism typically consisting of two cylindrical metal rollers interconnected with a thin metal band housed in a sealed enclosure that is sometimes filled with a fluid to implement an integration of the input acceleration.
Gyros in Nuclear Weapons-Why Their Absence?
The low utilization of gyroscopes in nuclear weapons is, at first glance, surprising, especially considering the many attractive attributes these devices possess. It is clear that the most rudimentary of gyroscopes offers the designer a superior instrument for measuring bomb rotational velocities than, for example, the g-switch (Rolamite) typically used to detect such environments. Unfortunately, the design decisions underlying this absence are not well documented. One can, however, draw some reasonable hypotheses based on the known weaknesses of early gyro designs. Intricate designs consisting of precision bearings, rotors, electric spin motors, and floats with bellows for temperature compensation were characteristics of early gyros. Design complexity is frequently perceived as being synonymous with low reliability, a legitimate perception of early vintage gyros, which frequently manifested a poor mean time to failure. Sensor cost may have been a precluding driver in some designs, although, in general, this is unlikely since cost was less a priority in previous years than it is today. Unfamiliarity of the weapon engineer with inertial instruments was probably a contributing factor. The early years of nuclear weapon development coincided with the genesis of inertial guidance. Training in inertial measurement sensors was spotty and this conceivably resulted in solutions to environment sensing problems being implemented in more familiar but less optimal ways. Susceptibility to ionizing radiation was and remains a major concern for inertial sensors containing electronic components. G-switches in the genre of the Rolamite are inherently hard to ionizing radiation and this attribute alone can be sufficient to sway a designer to decide in favor of a g-switch approach despite the fact that such a selection is significantly less than optimal in addressing certain requirements such as detecting bomb roll-rate. Probably the dominant reason for low utilization was the steadfast pursuit of a safety theme based on excluding devices requiring electrical energy for operation from selected parts of the arming signal path. This undoubtedly eliminated most precision inertial sensors from consideration for use in the safety architecture of the weapon. This continues to be a valid concern. Few, if any, inertial instruments that are available today come without some electrical interface. However, this does not account for the lack of such devices in other areas of the weapon architecture such as fuzing and controlling weapon orientation. It should be noted that, though rare in number, there have been some noteworthy examples of the use of precision inertial sensors in nuclear weapons. For instance, a high-precision integrating forced-balanced accelerometer was used in the fuze design of the W88 warhead and the B77 bomb designers used a rate gyroscope in the roll-control system of the bomb.
New Developments in Inertial Sensors Provide New Options
The more recent developments of optical rotation sensors, ring-laser and fiber-optic gyros, and silicon-based micro machined electromechanical systems (MEMS) inertial sensors mitigate many of the deficiencies of earlier technologies and provide today's weapon designer with broader options. For example, using the properties of light to sense rotation provides the basis for implementing rotation sensors with no moving parts and practically instant activation time. The former attribute enhances prospects for realizing sensors that can remain dormant for many years in the stockpile and still work reliably when called to do so. The latter removes the time requirement for activating the sensing element of the gyroscopenot an insignificant attribute considering that weapons are often kept in an unpowered state until the last stage of deployment. MEMS-based sensor designs that integrate the electronics with the sensing element provide a sensor technology possessing dramatically lower cost, size, weight, and power together with enhanced functionality compared to g-switches and essentially no sacrifice in reliability. In fact, overall system reliability can potentially be improved through redundancy of selected subsystems while incurring only a minimal penalty in cost, weight, and volume.
Disparity in the Advances of MEMS Accelerometers and Gyros
A poster child for MEMS inertial sensor technology and one displaying all the attributes of low cost, small size, and weight, and low power mentioned previously is Analog Devices, Inc (ADI) highly successful MEMS accelerometer family that is presently being produced at a rate of over one million devices per month. One version, the ADXL202E, is a two-axis accelerometer consisting of two independent sensing structures and all their signal conditioning electronics integrated on a single silicon chip and packaged in a fivemillimeter square, two-millimeter thick, leadless chip carrier that sells in large quantities for less than $9.00. The price includes the cost of 100% testing of each device over a temperature range of -40C to +125C. Of particular significance to nuclear weapon designers, failure rates of production devices are reported to be less than 5 parts per million 1 . Unfortunately, MEMS gyroscope developments to date have not achieved the same level of success as MEMS accelerometers. Arguably, this can be attributed to the preference of researchers for gyro designs based on the properties of moving mass. The typical MEMS gyro available today measures rotation by detecting the Coriolis forces acting on vibratory mechanical structures in the presence of rotation. The problem with this approach is that in pursuing reduced sensor size one must also contend with the resultant reduction in sense element's mass and this is not compatible with achieving good performance, but most significantly, the reduction is mass is substantially more detrimental to the performance of gyros than to accelerometers. The difference in degree of difficulty in implementing the two sensor types as MEMS devices is clearly evident in the fact that Analog Devices introduced their first MEMS gyroscope and the world's first totally integrated MEMS production gyroscope, the ADXRS150, in October 2002. Table 1 provides a comparison of three commercial-off-the-self (COTS) MEMS gyros with the ADXRS150 being representative of the most recent advances in the technology. The listing is not exhaustive but is representative of the state of the art at this time. Worth noting is the fact that of the gyros listed in Table 1 only the Analog Devices' gyro is fully integrated. In the other designs, the vibratory structure is fabricated on a substrate separate from the electronics. This is typical and although this approach allows the fabrication of larger and more massive sensing structures, it increases the sensor's electrical noise and presents obstacles for achieving environmental robustness. (IMU) . If the goals of either development effort are met, a MEMS-based IMU possessing drift performance on the order of 1-10 degree/hour will be realized. Most likely, however, this level of performance will be achieved only through software compensation of the individual sensors at the system level and therefore may not produce a standalone MEMS gyro of this performance level. It is well publicized 4 that a participant in the join Army/Navy development, Honeywell, International, is continuing the refinement of a vibratory MEMS gyro design initially conceived by Draper Laboratory and it is not unreasonable to assume that the other participants are also pursuing silicon vibratory gyros.
Current Status of MEMS Gyros
MEMS Gyros in Nuclear Weapons-An Assessment of Requirements
To date, environmental sensing requirements for nuclear weapons have not required a gyro of 1 degree/hour bias stability, but the availability of a small (~0.2 cu in), robust (~20,000g), inexpensive (~$500), tactical performance (~20 deg/hr drift.), gyro capable of dwelling dormant in long-term (20 years) storage and operating within specification without benefit of calibration would substantially enhance the prospects of realizing several use scenarios for the next generation nuclear weapon. Grumman (formerly Litton Guidance and Control System), it is not at all clear that either program can succeed via a vibratory gyro.
The Micro-Optic Gyro-A Different Approach
There is another path to MEMS gyro realization, the integrated micro-optic gyro, which has been previous proposed 5 but not consistently pursued with the depth of effort necessary to fully exploit the technology. This was most probably a consequence of the requisite technologies in photonics lacking maturity and partly because the resources to pursue this endeavor along all paths necessary to achieve a fully integrated gyro were not available within one organization. An integrated micro-optical gyro, the building blocks of which were pursued in this LDRD, has the potential of achieving many attributes attractive to the nuclear weapon designer. Only the individual optical elements necessary for the generation, detection, control, and containment of light are susceptible to shock. Integrating these elements into a common substrate immensely enhances the gyro's robustness and its reliability while concurrently achieving size, cost, and power reduction. The work described in this report addresses different facets of the design problem each of which could be pursued at this stage independently of the others without compromising the ultimate goal. Reported in this document are the details of an error model, which proved essential in providing the values for various design parameters and used to guide development of the integrated optical components, the efforts in active/passive integration of key photonic components, the design of the laser light source, and the design of a solid state optical waveguide.
Basic Gyro Technology
Introduction
In this section we will give an overview of the basic principles of operation of fiber optic gyroscopes. We discuss the Sagnac effect and then review two types of passive Sagnac interferometers, the interferometric fiber optic interferometer and the resonant fiber optic interferometer. Several error sources such as the Kerr effect, stress birefringence, and Rayleigh scattering are also discussed.
Sagnac Effect
Whereas mechanical gyroscopes are based on the conservation of momentum in a frame of reference fixed in the stars, optical gyroscopes are based on the inertial property of light. All optical gyros use the Sagnac effect to measure rotation 6, 7 , 8 , 9 , 10 . general theory of relativity must be used to perform the exact calculation of the Sagnac effect the description in what follows is sufficient here. Consider the case in Figure 4 where a platform is rotating with angular rate Ω (assume the light is traveling in free space). At time t 0 =0 light is sent in both the clockwise (cw) and counter clockwise (ccw) directions in a circular path. The distance traveled by the cw path is given by
While the ccw path is
Where R is the radius of the circular path. The difference in time for each path is
where c is the speed of light and A is the area of the optical path.
The effective change in length for the optical paths is thus given by Figure 5 . The IFOG is a common path interferometer. The input light is split by a 3dB fiber coupler and the light travels in opposite directions around the common fiber loop. After a single trip around the fiber loop the light then recombines at the fiber coupler and 50% of the resulting intensity is detected at I out . An applied angular rotation rate normal to the plane of the interferometer will result is a phase shift between the cw and ccw propagating beams. The magnitude of the phase shift, ∆φ, is given by:
where λ 0 is the wavelength of light in a vacuum. The output intensity of the interferometer is cosinusoidal as a function of Ω. The use of a fiber interferometer enables the loop to be coiled N times. In this way the sensitivity of the interferometer is increased by a factor of N as given by:
where L f is the length of fiber in the loop and D is the diameter of the fiber loop. For an optical gyroscope to work accurately it must have perfect optical reciprocity. For the configuration shown in Figure 5 , the light along the cw path is reflected twice by the coupler while the light in the ccw path will be transmitted twice by the coupler. Differences in phase conditions for transmission and reflection of the coupler introduce non-reciprocity. A fully reciprocal IFOG design is shown in Figure 6 . This design is referred to as the minimum configuration for an IFOG and both the cw and ccw paths undergo the same number of reflections and transmissions at the couplers. Whereas the IFOG is analogous to a Mach-Zender interferometer, an RFOG is like a Fabry-Perot type interferometer where the light circulates in the cavity many times. The layout of a basic RFOG is shown in Figure 7 . The light from each path in the RFOG enters a coupler (typically on the order of 99 to 1) which transfers some of the light into the resonator loop as shown in Figure 7 . Once inside the light travels repeatedly around the resonator losing energy due to the lossy medium and the couplers. When the light travels many times around the path, the resulting intensity leaving the coupler depends upon the interference of light having circulated within the resonator various times.
The field transmission coefficient τ i represents the amplitude transmitted to the resonator, while τ i ′ is the field transmission constant out of the resonator for the i field rejection coefficient ρ i is used outside the resonator, while ρ i ′ is the field transmission constant within the resonator. We will assume that the wave guide has a field attenuation of α per unit length due to fiber losses. Assume that the field reaching coupler, C1, (refer to Figure 7 ) is given by Ae jωt . Then the amplitude just within the resonator is given by B 0 = τ 1 Ae jωt , while the amplitude passed to the detector is ρ 1 Ae jωt . The light within the resonator will continue to circulate losing amplitude due to the fiber optic material and coupler. Assume that during each pass around the resonator that the phase difference between successive passes is δ. The field in the resonator at the output of coupler, C1, will be
Where B k is the field after circulating k times.
The field at the output of the resonator becomes
for any a with |a|<1, we find
where T=τ 1 τ 1 ′. Since the input field at the resonator is E i = Ae jωt , the input-output power ratio becomes
where * denotes the complex conjugate. Figure 8 shows the resonator response as a function of frequency. Notice the response is much sharper than the cosine response of the IFOG. The width of the response is affected by the coupler reflection coefficient and fiber loss. The width of the response is quantified by the finesse.
The finesse is defined as
where ƒ sr is the free spectral range, Γ R is the resonator linewidth, and Γ laser is the linewidth of the laser. Therefore, the laser linewidth must be much less than the resonator linewidth. Practically, the laser linewidth must be less than 100kHz. In practice it is difficult for passive gyros to reach a finesse of 100, whereas active ring laser resonator gyroscopes can have finesse as high as 10,000. The optical and electrical layout for an RFOG is shown in Figure 9 . The light from the laser passes through an isolator and a polarizer before being split at the first 3dB coupler. The isolator protects the laser from coherent backscatter and the polarizer ensures that the light launched into the resonator is linearly polarized. After the 3dB coupler both the CW and CCW light paths pass through a phase modulator. The phase modulator applies the serrodyne modulation and the bias modulation to the light paths. Each path then passes through a circulator and to the resonator coupler. The resonator coupler allows only 1 to 2% of the light to enter the resonator. The circulator diverts the light exiting the resonator to the photodetector. A phase sensitive detector, PSD, at the bias frequency, demodulates the response measured by the photodetector and the signal is used as the feedback (through a voltage controlled oscillator, VCO) for the serrodyne modulation servo loop. In this way both the CW and the CCW paths are maintained at resonance. The gyro rate is then determined by measuring the difference in serrodyne modulation frequencies applied to the different paths. The minimum detectable rate of the RFOG can be calculated by analyzing the shot-noise limit of the detector. The photodetector used to measure the power output of the resonator has a minimum detectable power level due to noise 13 , 14 . The noise equivalent power, NEP, of a photodetector is defined as the input power required to just be able to measure a signal (point at which the signal to noise ratio is equal to 1). Mathematically this is equivalent to
where R is the responsivity of the detector, in A/W, and i rms is the root-mean-square current out of the photodetector over a specified frequency range. As one samples the photodetector output for a longer period of time, it becomes easier to measure a signal since the random noise may be averaged away. Because of this, manufacturers typically specify the noise equivalent power spectral density (NEPSD) of a detector using 
Figure 9 Electrical and optical layout of an RFOG
where P NEPSD is the NEPSD and B is the bandwidth of the detector. As the bandwidth of the detector decreases sampling times become longer and the P NEP decreases so that a smaller signal may be measured. In the RFOG we will assume the minimum power that can be measured by the photodetector is given by (14) where the photodetector bandwidth will be set by the RFOG feedback system. Assume that the laser has an ouput power of P laser , where there are L in (dB) losses between the laser and resonator, and L out (dB) losses between the resonator and detector. The power at the detector may then be defined by
where we have used the resonator power response defined by (11). Using (15) it is possible to determine the minimum phase change δ min which yields a detector power change greater then P NEP .
Simplifying (15) yields a resonator power response
Where P d is the power difference between the maximum and minimum detector power and
We will now find the minimum phase change δ min such that the detector power changes
Solving for δ min we find
Once the minimum measurable phase change is determined, the minimum measurable frequency shift may be obtained using 
where n is the refractive index, and L is the fiber coil length. Given that
where K is the gyroscope gain, we can conclude that the minimum detectable angular rate is given by
where K is the gyro gain. Note that Ω min is calculated in terms of the photodetector bandwidth since it affects P NEP . Thus (23) defines the minimum angular rate detectable by the control system for a single sample. For navigation, however, one is usually interested in the minimum detectable rate over a longer period (e.g. over a one second window). The minimum rate is thus redefined as 
where B s is the sample bandwidth of interest and B e is the bandwidth at which the electronics calculate an angular rate. The above discussion takes only the limitation of the detector electronics into account for determining the minimum resolvable rotation rate of a gyroscope. Because the counterpropagating light waves are traveling through a dielectric medium, phase shift unrelated to the Sagnac effect can occur.
Kerr Effects
The Kerr effect is a third order non-linear effect that describes intensity dependent perturbations of the propagation constant of the fiber 15, 16 . The perturbations of the propagation constants are: 
where η is the impedance of the medium, λ is the wavelength in a vacuum, n 2 is the Kerr coefficient of the medium, and δ is a factor of order unity that depends on the transverse distribution of the mode. I 1 (z,t) and I 2 (z,t) are the wave transverse peak intensities. It is the factor of 2 between the wave intensities that gives rise to non-reciprocity if the wave intensities are not the same. The Kerr phase, φ k =∆βL, can be used to estimate the Kerr-induced bias:
Studies have shown that the drift due to the Kerr effect can become larger than the theoretical limit of rotation sensing given by the detector shot noise. The Kerr induced bias can be eliminated by using a low-coherence (wide bandwidth) source where the optical field amplitude has a Gaussian probability distribution and statistically gives no net phase. However, a coherent (narrow bandwidth) source is required for the RMOG to maintain a high finesse. For RMOG's the Kerr effect can determine the minimum measureable rate. One method utilized to compensate for the Kerr effect in RMOG's is to modulate the source intensity to adjust the nonlinear interaction between the counterpropogating waves.
Stress Birefringence
Theoretically, a single mode optical fiber should maintain linear polarization states over long lengths. However, optical birefringence due to stress results from fiber bends, twists and non-ideal core geometry. This stress birefringence can result in gyro drift. The effects of birefringence can be eliminated by polarizing the light source and utilizing polarization maintaining fiber. In this way the polarized light experiences a single effective index. However, care must be taken to not induce polarization mode hopping.
Rayleigh Scattering
Rayleigh scattering in a fiber is caused by the dipole moment induced by the refractive index fluctuation, ∆ n(x,y,z), in the fiber under the incident electric field 17 . Part of the scattered field is reflected back in the single mode fiber as the fundamental mode. Because the backscattered light is coherent with the primary light they can interfere and cause a rotation rate error. With an IFOG the use of an incoherent source reduces the amount of coherent scattering. However, an RMOG requires the use of a coherent source. The Rayleigh scattering induced noise in RMOG has been eliminated by phase or frequency modulation of both launching paths driven at different frequencies.
Signal Processing
A highly important facet of any optical gyro development is the gyro's signal processing The next two sections discuss the foundations of the signal processing that has evolved for fiber optic gyroscopes and has contributed heavily to the success of present day devices.
Biasing
The rotation induced phase shift of Sagnac interferometers is linearly proportional to the rotation rate. However, the light intensity response of an optical gyroscope is proportional to a raised cosine function, therefore, it is non-linear and periodic. This response is characterized by zero sensitivity at nπ (n:integer) phase shift including zero phase shift. Also, the symmetry of the response curve at phase shift of nπ makes the direction of rotation ambiguous. Finally, at high speed of rotation the periodicity of the response makes phase determination impossible. The periodicity is solved by initiating the gyroscope at a zero rotation rate. The remaining issues can be addressed by dynamically biasing the gyroscope. The idea of dynamic biasing is to offset the gyro response curve by π/2 resulting in a maximum sensitivity at nπ phase shift (including zero phase shift) and an unambiguous relationship between phase shift and intensity. Dynamic biasing is accomplished by switching the gyroscope operating point between +π/2 and -π/2 of differential phase shift with 50% duty cycle. Using a sinusoidal phase modulation ∆φ(t)=φ m sin(ω m t) the detector current, I d (t), is 
where I 0 is the peak detector intensity and J n is the nth order Bessel function of the first kind. By adjusting the amplitude of the phase modulation frequency to 1.84 radians, where J 1 (φ m ) is a maximum, and measuring the amplitude of the detector current at the first harmonic of the phase modulation frequency, I(ω m ), using a lock-in amplifier the gyroscope response is sinusoidal.
Closed Loop Operation
For closed loop operation of a gyroscope a nonreciprocal phase shift is introduced between the counterpropagating optical waves to compensate for the rotation induced Sagnac phase shift. The phase difference between the counterpropagating waves is kept at zero by a feedback servo loop using the detector output as the error signal. The amount of nonreciprocal phase shift introduced is the measured output of the gyroscope and is a linear function of rotation rate. One method commonly used to achieve the nonreciprocal phase shift is analog serrodyne modulation using phase modulators. Phase modulators are inherently reciprocal devices, therefore, they are placed at asymmetric positions on the sensing loop so that the counterpropagating waves pass through them at different times before they interfere with each other. To produce a time varying phase difference between the counterpropogating waves with a time averaged phase shift of zero, the phase modulator must produce a linear phase ramp with respect to time. It is impossible for a phase shifter to create an infinitely increasing phase modulation with time; therefore, serrodyne modulation is used. Serrodyne modulation uses a sawtooth waveform with a modulation amplitude of 2π. By choosing a 2π modulation amplitude the effects of the flyback on the gyro are eliminated due to the 2π periodicity of the gyroscope response. The amount of differential phase shift applied is controlled by the frequency of the sawtooth waveform. Either analog or digital sawtooth waveforms have been used to produce the non-reciprocal phase shift.
Gyro Breadboard
Purpose
A breadboard passive resonant fiber optic gyroscope was fabricated from COTs parts. The purpose of the breadboard was to verify our computational models, evaluate electronic control designs and generally gain hands-on experience with fiber optic gyroscopes.
Breadboard Design
The theoretical minimum measurable rotational rates were calculated using the formalisms outlined in section 2.1.1. Vendor information from COTs components was used for the analysis. In this analysis we assumed the following when choosing the components:
1. The resonator coupling coefficient should be chosen to obtain the lowest measurable angular rate for a given coil geometry. 2. The modulation range should be at least 1.5 times the free spectral range for the feedback electronics. This assumes no frequency shifts due to platform angular rate. 3. The laser linewidth should be smaller than half the resonator linewidth.
The input and output power losses for the two designs are based on a 3dB power loss at each 1×2 splitter, a 1dB loss due to the isolator/polarizer, and a 3dB loss at the phase modulators. The resonator coupler loss is the power loss that occurs during each pass through the coupler in addition to the loss due to the split of the signal. For example, if a 1×2 coupler has an overall power decrease of 4.2dB, then there is a 1.2dB coupler loss since a 3dB power attenuation (i.e.,50%) is the decrease in a perfect coupler. We will assume that the minimum measurable rate will be based on a 1 second average so B s = 1. We will also assume that B e = 40000 so that
In the analysis to follow we will study the theoretical performance of a resonator with both 10 loops and 30 loops. As a comparison, a Litton LN200 (based on an IFOG design) has a minimum measurable rate of 1deg/hr and a X-Bow unit has a minimum measurable rate of 3600deg/hr. For both designs the following parameters were used:
Laser Power (mW Figure 10 shows the calculated minimum detectable rate as a function of fiber length for a 10cm diameter resonator. The ideal coupling was calculated to be 0.955. For 10 loops (3.14 meters) the minimum detectable rate is 35deg/hr. 
Figure 10
The red line is the minimum detectable rate at ideal resonator coupling for a 10cm diameter resonator. The dotted blue line is earth rate (15 deg/hr).
Breadboard Components and Configuration
A schematic of the breadboard gyroscope is shown in Figure 11 . Based on the results of the RFOG simulation, COTs parts were purchased and a breadboard 10cm diameter 10 turn RMOG was fabricated. Table 2 lists the optical components used for the RMOG breadboard.
Figure 11
Electrical and optical schematic of the breadboard gyroscope system. The numbers correspond to the numbers in Table 2 To minimize coupler losses and backreflections due to fiber splice, specialty resonators were fabricated where the resonator is a continuous loop of fiber. 
Experimentation Using the Breadboard
The first task was to set the resonant ring to the optimum coupling coefficient. To set the coupling coefficient the laser frequency was swept across the resonant frequency of the RMOG by modulating the drive current with a 20mA pp sine wave. Modulating the drive current results in a modulation of the laser wavelength as characterized in Figure 12 . The output of the resonator was monitored by a photodetector that was read by an oscilloscope. At the optimum coupling coefficient no light will leave the resonator and a minimum in intensity should be found. The caliper on the resonator was adjusted to minimize the photodetector output.
With the optimum coupling coefficient set the free spectral range and linewidth of the resonator was experimentally determined and compared with calculations. A 20mA triangle wave was used to modulate the laser drive current. The current modulation waveform and the associated resonator output are shown in Figure 13 . The laser is swept across ~5 resonances of the RMOG resulting in several minima. The smaller dips in detector intensity between the larger resonances are resonances due to a small amount of polarization crossover in the system. The frequency differences between several resonances were averaged and the free spectral range was found to be ~60MHz, consistent with the calculated free spectral range of 62MHz. The resonator linewidth was determined to be ~2MHz, consistent with the calculated value. Given the small linewidth of the resonator the laser could not be tuned to resonance using current tuning. Serrodyne modulation was used to adjust the frequency to resonance.
Figure 12
The dependence of laser wavelength on temperature and drive current. An arbitary waveform generator was used to generate a 60MHz sawtooth waveform with <2ns flyback, see Figure 14 . Only 3.5V pp could be obtained from the AWG; therefore, as shown in, the signal was amplified to 14.4V pp by a 1GHz RF amplifier. 14.4V pp is necessary to achieve a 2π phase shift on the phase modulators. A shift of 2π eliminates the effects of the flyback due to the 2π periodicity of the gyroscope response. The change in frequency shift is controlled by the frequency of the serrodyne waveform. Only the linear portions of the phase ramp will produce a stable frequency shift; therefore, the fidelity of the waveform is paramount. As shown in Figure 15 , the quality of the 60Mhz waveform directly out of the AWG is compromised. When amplified the waveform is further degraded. The result is that a stable frequency shift could not be achieved. Without the ability to shift the frequency to resonance, gyroscope data could not be obtained.
Figure 14
The analog serrodyne waveform produced by the arbitrary waveform generator Figure 15 The analog serrodyne waveform after amplified to a Vpp of 14.4V necessary to reach a 2π phase shift on the phase modulators
Future Work
The difficulties encountered with analog serrodyne modulation can be overcome by using digital serrodyne modulation. Digital serrodyne modulation has been used extensively for fiber optic gyroscopes 18 . Instead of a ramp, the modulator provides steps of phase with duration td, the transit time in the coil. These are reset synchronously with the bias modulation so that the flyback noise can be gated out. The output is a count of the number of phase steps between resets. This approach not only solves the issues with frequency noise due to voltage ripple in the analog approach, but can also be implemented using digital signal processors.
Hybrid Photonic Approach
The focus of this development effort was on an RFOG as described in the previous sections. Our ultimate goal is to create an integrated version of the RFOG where all of the components are integrated onto a single rigid platform termed the resonant microoptic gyro (RMOG). This vision includes replacing the loose fiber loop with a spiral waveguide formed on a rigid semiconductor, coupled to a sub-chip assembly containing the laser, modulator, and detector components. This section discusses the contributing advances towards the realization of this system achieved during the LDRD term. The objective of this work involved developing the technical foundation required to fabricate the individual RMOG components. The two sub-chip assemblies of the RMOG include the optical waveguide resonator ring, and the active semiconductor. The PIC contains the optically active laser and detector, the optically passive phase modulators and the active-passive low-loss waveguiding interconnects. Refer to Figure 16 . In an effort to maximize the system sensitivity and minimize loss, the integrated resonator loop is to be formed in high-performance silica material. The spiral resonator waveguides form a silica planar lightwave circuit (PLC) on a silicon wafer and were fabricated in the MESA East CMOS facility using technology recently developed for low-loss telecom switches. Development of the PLC portion of the RMOG was not a funded component of this LDRD program as this technology is significantly more mature than semiconductor photonic integrated circuits (PICs). The development of the sub-chip components that required optically active semiconductors occurred in the MESA West compound semiconductor facility using AlGaAs material. In our vision, the elements formed in active material (the laser, modulator, and photodiodes) will be monolithically integrated into a compact semiconductor PIC on a small GaAs substrate. The silica PLC and semiconductor PIC will then be joined along one edge to form a complete solid-state integrated optical system. Refer to Figure 16 and Figure 17 . The resulting micro-optic gyro would be small and rugged, as well as inexpensive. Fabrication is simplified and low-cost realizable as each of the two subchips employs a technology optimized for its function. In volume production, a dozen or more of the PIC and PLC chips could be fabricated on a single substrate. The chip-tochip alignment and joining is readily achieved using commercially available tools. Generally this involves alignment of the waveguides, attachment of the two chips using optical adhesive, and firmly mounting the assembly onto a rugged thermally and electrically conductive substrate such as copper. 
Development of the Semiconductor PIC Components
A portion of the final year of this program was dedicated to exploring issues and options regarding the feasibility of integrating a gyro into a single monolithic photonic circuit. For this task, effort was divided into two technically central issues of the RMOG active PIC sub-chip: (1) develop the technology in the form of fabrication processes to realize the narrow-linewidth laser and (2) develop the base active-passive interconnect technology. The laser itself is a key element limiting gyro performance via the spectral linewidth. The project explored means to build narrow-linewidth (less than 2-3 MHz) lasers in a monolithically integrated format. Active-passive integration is a key technology that provides low-loss interconnecting waveguides. Active/passive integration will be achieved by means of selective-area quantum-well disordering. The disordering technology enables optically passive devices (such as phase modulators, and interconnecting waveguides) to be fabricated in epitaxial semiconductor material that was designed for active components (such as lasers and photodetectors). For example, the modulators and passive interconnects will be formed in the passive-disordered material and the laser and photodiode will be formed in the active-nondisordered material. The goal of this work was the development of a broadly capable basis set of devices and optical integrated circuit technology suited for a wide variety of optical gyro designs or for other wavelength-dependent sense and control applications. For example, the AlGaAs PIC could be readily used to work with resonator loops made from other materials such as optical fiber or photonic crystals.
Design Criteria
The focus of this effort primarily involved developing the technology required to fabricate the individual RMOG components. However, the processes developed were generic enough to provide flexibility in design and fabrication space to include optimum performance designs in successive work. The component specifications of the semiconductor PIC portion of the RMOG include: the fabrication of a coherent laser source, a bidirectional distributed feedback (DFB) laser with a spectral linewidth of less then 500 kHz, greater than 15 mW output power from each end, an optical phase modulator with a voltage-phase figure-of-merit of 25 degrees•volt -1 •mm -1 , a waveguide photodiode with 90 percent efficiency, and non-absorbing interconnecting optical waveguides with less then 1 dB/cm loss for routing light between the above devices and to the PLC loop waveguide. Figure 18 presents a cross-section view of these components in an integrated format. In addition to the components' optical specifications, electrical isolation requirements of the PIC assembly were addressed. Since phase modulators and photodiodes will be reverse biased, electrical isolation between the forward-biased laser and other areas of the PIC will be achieved by means of the well-known method of proton or oxygen ion implantation. 19 It is also possible that forward-biased phase modulators will prove useful. Under forward bias current injection, very strong phase (refractive index) modulation is possible although this effect is also accompanied by absorption effects that may preclude this mode of operation. Electrical isolation by implantation will enable the flexibility to explore these bias options.
Progress towards Component Realization
AlGaAs DFB laser for photonic integrated circuits
One critical component necessary for high-performance gyro operation is the laser source. Two aspects are of importance: (1) the output power and efficiency laser characteristics and (2) a narrow linewidth goal of ~500 kHz required for proper resonator loop functionality. The epitaxial structure chosen for the RMOG is of the buried oxide waveguide (BOW) type. Refer to Figure 19 . This structure consists of a single GaAs quantum well surrounded by AlGaAs barriers. Thin layers of AlAs are included in the cladding. The lateral waveguide is formed by exposing the AlAs layers to a deep mesa etch and selectively oxidizing to push the optical mode away from the etched sidewalls. This approach creates highly efficient, low-thresholdcurrent edge-emitting lasers where both the optical waveguide and lateral current confinement are achieved by lateral selective oxidation of AlGaAs.
20 Using these concepts, external differential quantum efficiency in excess of 95% and 40% wall-plug efficiency have been demonstrated. We have also recently explored use of selectively oxidized waveguides for low-drive-voltage high-speed optical phase modulators and electroabsorption modulators suitable for >40 Gb/s optical Figure 19 Cross-section of BOW structure showing the electric field contours overlapping the grating tooth area. The optical mode is distributed about the quantum well (QW) and contained by the oxidized waveguide.
modulation. This high-performance is a result of placement of the oxide layers so as to achieve the minimum optical mode size. The small mode size increases the confinement factor of the laser and reduces the required applied electric field excursions of modulators. The second critical aspect is the choice of an integrated laser geometry that would satisfy the high-Q laser cavity performance. The laser design criteria required development of a new type of distributed-feedback laser (DFB). This new laser uses selective dry etching of gratings in AlGaAs with an InGaP chemical stop layer coupled with AlGaAs epitaxial regrowth to form the low-index-contrast grating needed by high-quality narrow-opticalspectrum lasers. See Figure 19 . A central part of this effort has been the development of epitaxial regrowth on InGaP surfaces over thick AlGaAs layers as shown in Figure 20 . This technology enables use of a regrown grating permitting current injection through the grating region for either uniform gain or for wavelength tuning to assist in locating the gyro resonance.
Active/passive integration
technology based on selective-area disordering The integration of active and passive devices is accomplished through an impurity free vacancy diffusion (IFVD) quantum well intermixing process. 21 The regions that will remain active are covered with SiN x while the regions that are to be passive are covered with SiO 2 . The sample is annealed in a rapid thermal anneal (RTA) system at 900° C for 4 minutes. During this time, Ga diffuses into the SiO 2 leaving behind group III vacancies in the GaAs cap. Intermixing (disordering) occurs in the GaAs quantum well as the vacancies intermix the group III atoms in the quantum well and its barriers. The result is the change from a square-well potential to a rounded or parabolic shaped potential. The bandgap energy is increased, moving this disordered regions gain curve, photoluminescence (PL) spectrum, and absorption edge to shorter wavelengths (up to 70 nm). The bandgap of the non-disordered region remains as designed with a small change in PL peak (1-10 nm) caused by the intrinsic vacancies of the material that intermix within the quantum well. The resulting selectively intermixed PIC contains non-disordered active regions with corresponding gain, PL, and large absorption characteristics at a wavelength tailored by the quantum well structure, and Figure 20 Electron microscope cross-section image of regrown gratings. The outline highlighted in white shows the approximate grating profile. Low contrast and low discrimination between the lower grating region and upper regrown region is expected in a successful homogeneous regrowth. disordered, passive sections with its gain and loss characteristics blue shifted to the extent that they are low-loss passive interconnects at the lasing wavelength. Previously, low-loss waveguides through quantum well disordering was verified at the Mesa West facility. The objective of the work reported here was to integrate the disordering process into a standard laser fabrication process, then identify and solve problems that arose due to the addition of the disordering steps. The experiments were designed in a manner that simplifies analysis of the disordering. In summary, the fabrication issues have been identified and investigated resulting in a sequence that enables successful realization of devices. However, several fabrication related issues exist that require attention in future work. The work related to the RMOG DFB laser employs BOW epi-material with oxidized waveguides, direct write e-beam gratings, and an epi-regrowth step to complete the device. An efficient active-passive integration development activity does require an integrated laser light source, but does not require a laser of such complexity as the BOW DFB. We were interested in understanding and optimizing the fabrication complexities that arise from the disordering implementation and simplified characterization of the devices upon fabrication completion. The desired material and processing would provide devices easy and quick to fabricate and test, understanding that the disordering and complete integration process would have to be generic enough to transfer to the BOW system in the future. The decision was made to use a Broadened Waveguide (BWG) epistructure with optical lithography for the active-passive integration development in order to focus on the disordering process and the device integration fundamentals. 
Active-Passive Integration Progress
The introduction of the disordering steps into a standard active device fabrication process concluded with a successful fabrication of active lasers and detectors with interconnecting passive waveguides. Figure 21 is an image acquired from an optical microscope of the laser active/passive waveguide detector circuit. The mirrors of the integrated laser were formed by deep etched facets. The active laser cavity is covered with an ohmic contact and is visible between the two etched facet mirrors. The passive waveguide is a disordered region and optically connects the laser to the detector. The detector is an active region with an ohmic contact. Data will be collected as future work. This assembly of components will be used to characterize the detector performance and the coupling of light across the active and passive regions. The implementation of the disordering to the standard active device process uncovered a surface related fabrication issue. During the disorder anneal, the sample (covered with SiO 2 and SiN) is subjected to a 900° C rapid thermal anneal. Upon removal of the films, a residue is noticeable on the surface, which might prevent a low resistance ohmic contact from forming to this surface. Experiments concluded that a soak in photoresist developer (a strong base) removed the majority of residue, but a slight texturing remains as observed in the passive regions of. After ohmic contact annealing, the contacts do exhibit low ohmic resistance as desired. The developer soak is a "workaround" pertaining to this issue, however further work is required to understand why this texturing forms.
Experimental Evaluation of Disordered Components
Included in the fabrication were disordered passive waveguides used for evaluation of the active-passive fabrication process. Figure 22 is data from disordered waveguides showing efficient, low-loss interconnects can be formed in the disordered material.
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The laser emission wavelength of this raw material was 820 nm. The disordering process blue-shifted the absorption edge approximately 50 nm. Although the data is slightly scattered, the average loss values are less then 2 dBcm -1 . Waveguide loss is a function of the displacement of the absorption edge from the lasing wavelength. Relevant to the disordering technology, this quantity is measured as a blue-shift of the room temperature PL peak due to disordering. Further reducing the waveguide loss would be accomplished by increasing the blue-shift. Figure 23 displays a plot of experimentally measured waveguide loss data along with the blue-shifted PL spectrum. The loss measurements were from waveguides 7 µm wide and 3600 µm long. The PL spectrum was normalized to fit the vertical scale and has no relation to that scale. The PL spectrum and the loss data points are correlated to the wavelength scale. The nondisordered (active) material had a PL peak at 830 nm as well as a lasing wavelength of 830 nm. The data presented shows less then 10 dBcm -1 loss at the lasing wavelength of 830 nm in material blue-shifted 42 nm. However, the data also shows that a loss of less then 1 dBcm -1 occurs in material blue shifted 64 nm. The BWG material repeatedly blue-shifts 30-40 nm. Further work is required to determine a means to a repeatable blue-shift increase.
Summary of Accomplishments
Accomplishments achieved during this development effort are as follows:
• We comprehensively surveyed the present state-of-the-art for MEMS gyros.
• We explored potential roles for gyros in nuclear weapons and achieved greater insight into the attributes required for successful incorporation of a MEMS gyro into new weapon designs or life extension initiatives.
• We developed analytical model for a RMOG thus providing a valuable tool for selecting design parameters from the available design space and focusing development activity.
• We constructed a gyro testbed from COTS parts to provide (1)an educational tool, (2)an aid to model validation, (3) a predictor of gyro performance, and (4)a provider of insight into the difficulty of implementing gyro signal processing electronics by various routes.
• We built an analog serrodyne and determined this approach to be impractical.
• We developed processes for making an integrated narrow-linewidth laser and for implementing theactive/passive technology essential for integration of the laser, phase modulator, waveguides and couplers, and photodetector on a single substrate.
• We designed an AlGaAs DFB laser and a resonant ring for implementation in silicon replacing the less robust optical fiber ring initially proposed.
Figure 23
Loss data superimposed with blue-shifted PL spectrum and lasing wavelength. Waveguide loss as low as 0.38 dB/cm was measured at 852 nm. Knowing the wavelength distance from the blue-shifted PL peak required for 1 dB/cm loss tells us how far we have to blue-shift. 
